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INTRODUCTION 

The Energy Doubler superconducting magnets in their present 

design require safety leads for prompt extraction of the stored 

energy in the event of a quench. The design criteria for these 

leads differ from the one for the power leads since the safety 

lead will carry current only during infrequent and short periods. 

In this memo, the problem is analyzed, a key parameter 

involved (the integral of the specific heat over the resistivity 

from room temperature to a still safe temperature Tmax) is calcu- 

lated -for several materials using solid state theory and D&ye 

Temperature values from the literature. This parameter is useful 

when comparing the capacity of metals for handling current surges. 

The computer programs developed to do these calculations are 

included as an appendix. 

ANALYSIS 

A conservative design criterion is that the energy deposited 

in any section of the lead be insufficient to raise its temperature 

above the safe value T max under the worst external cooling condi- 

tions; namely, no external cooling. 

Let A, h and c be the cross section area, resistivity and 

specific heat of an element of length dx of the lead. The 
dx electrical resistance of this element will be R = Q(T)~ and its 
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heat capacity C = pAc(T)dx where LI is the density of the material. 

When a time dependent current I = I(t) goes through the lead, the 

energy deposited in the lead per unit time by Joule heating raises 

the temperature, T, of the lead element according to the energy 

balance expression: 

Au c(T) dt dT dx = (;, 12(t)p(T)dx. (1) 

According to the above mentioned criterion we are neglecting 

heat transfer into or away from this element of lead. The usual 

short duration, At, of I(t) f 0 validates this approximation which 

in any case represents the worse case from a safety point of view. 

Further simplification of the problem is made by assuming a 

uniform cross section lead, which is the preferred type from the 

standpoint of fabrication. 

Expression (1) in an integral form reads: 

T At max 

A2P s 
;I;; dT = 

s 
12(t) dt. (2) 

T initial 0 

The right hand side could be called a "quench load", and is 

expressed in A?sec or Joules/Ohms. In fuse literature it is known 

by the misleading name of fuseing current. A maximum I(t) expected 

in the quench of an Energy Doubler dipole is graphically shown in 

Fig. 1. Its corresponding quench load is: 

At 
F= r ~~(t)dt = 6.66 x lo6 Joule/R, 
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Figure 1 

Maximum Current Pulse Expected From a Quench 
of an Energy Doubler Dipole 

QUENCH CAPABILITY 

The left hand side of expression (2) depends only on the lead 

material, its cross section and the temperature limits. By 

specifying the initial temperature as room temperature (the highest 

temperature before the current surge) and Tmax as the highest safe 

temperature, we define the "quench capability", f, of the lead 

material as: 

Tmax 

f=jJ 
s 

-c(T) dT. 
P (T) 

300K 

According to solid state theory both the specific heat and the 

resistivity as a function of temperature can be expressed in terms 

of the Debye Temperature, 0, of the material and its resistivity 

at this temperature, p(0). 
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The specific heat of a solid near and above room temperature 

is mainly due to lattice vibrations and according to the Debye 

theory' is given by 

O/T 
sNT3 c(T) = M-i5j 

0 s 

eyy4dy 
(eY-1) ' 

0 

where kg = Boltzmann constant, 

N = Avogadro's number, 

and M = Molecular weight of material. 

Also the resistivity can be expressed in terms of a dimensionless 

integral' when the electrons are scattered mainly by phonons: 

O/T 

P (T) T ' = P(O) g 
(1 s 

Y dY 
(ey-1) (l-emY) 

0 

One of the computer programs in the appendix, SL3.F4, calculates 

the above integrals and their ratio to within .2%, generating a 

table SLQ.DAT which is used in the second program SL4.F4.. This 

second program requests data on the material (u, M, 0, p(0) and 

the thermal conductivity integral 
J 

300K 
AdT) and calculates the 

4.2K 
quench capability, f, as well as the merit figure z explained 

below. 

When a safety lead is not cooled by exchanging heat with a 

gas flow, the conduction heat load, Q, should be minimized. 

300K 
A From Q = r S AdT where X is the thermal conductivity and 

4;2K 



=5- 

R is the length of the lead, and F = A2.f 

TM-674 

we get 

300K 
XdT . 

4.2K 

For a fixed design, the material with largest merit figure: 

z = 

should be preferred if all other mechanical and economic constraints 

are satisfied. 

However, vapor cooled leads are very efficient in reducing 

the conduction heat load and a material with largest f compatible 

with other fabrication constraints should be selected. 

On Table I, the parameters f and z are presented for a list 

of single element materials in the case of a heating excursion from 

room temperature to 180°C (soft solder lowest melting point is 185OC). 

The material properties used as input were obtained from the 

literature3, which in many cases does not have unique values for 0 

or the thermal conductivity integral. Average values were then used 

and the percental error indicated in f covers the spread found in 

the literature. 

On Fig. 2, the quench capability of copper and nickel are 

shown as a function of the upper limit of the heating excursion. 

The third program of the Appendix, SL5.F4, calculates this result. 
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CONCLUSION 

The materials examined classify themselves with respect to 

quench capability inversely to their resistivity at the Debye 

Temperature, and copper seems an easy choice when the conduction 

heating is compensated by vapor cooling. Lead is an exception. 

For leads with uniform cross section and without vapor cooling 

niobium followed by nickel are better choices since lead might be 

too soft. 

Copper plated stainless steel, might be the best engineering 

compromise for simple vapor cooled leads. 
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TABLE I 

Quench Capability and Merit Figure of Several Elements 

For A Heating Excursion From 300 To 453K 

Material 

AU 

Ag 

cu 

Pb 

Al 

W 

MO 

Ta 

Ni 

Nb 

Fe 

f 

MJ/km4 

630.+5% 

557.52% 

319.25% 

143.&14% 

96.2*1% 

89.5+7% 

48.6?9% 

46.6+8% 

44.6 

41.5+5s, 

31.7?5% 

Z 

set 72 cm- lv- l 

.022 

-010 

.012 

.075 

.0063 

. 004 

.014 

.038 

* 031 

. 041 

.014 



TM-674 

400 600 
f ‘i 

- 300 1 JO0 700 

Figure 2 

Quench Capability of Copper and Nickel 
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APPENDIX 

1; :SF1FETY LEHfi MFtTER I HL SELECT I UN :XHEflE 
II: 
11: :zt:s: BFS:SED IN THE DEBYE THEORY THIS FRClGRf’W GENERWES TRBLES OF 
II: :;PEI:IFIC HEFtTr RE:~ISTIVITY HND THEIR RfiTItl IN H DIMEN~IBNLESS 
c: FORM. ITS OIJTWJT z SLS. DHT z IS TO BE IJSED BY SLQ.FS. 
1: EXECIJT I UN REQUEST : EXEC SL:3 9 XGKB: QATR C 10 r 61 
1: PRECI:SIlJN OF RHTIO: .ZZ 

I:I 0 1 ij 15 
ljt:1~ljlj 
lj lj:3 lj 0 

Ij lj 4 lj lj 

lj ij 5 lj 0 

i:lO~ljlj 

lj lj 7 lj lj 

lj lj:3 I:1 0 

lj 03 lj lj 

0 1 0 0 lj 

0 1 1 rJ 0 
lj 1 2 lj [I 
0 1 :3 [I lj 

01400 
IjlSljrJ 
lj 1 8 ij lj 

lj 1 7 r:l rJ 

lj 1 :3 lj 0 

lj 1 ‘3 lj is 

ij ;1’ ij ij i j 

IjZl Cllj 
[lz’- *:qj 

JdL i:l;l ~,,!I 

lj 2 4 lj [I 

025 lj lj 

l j~ga lj lj 

lj27 ljo 

I:122 n iI - - - 
lj~'~ljlj 
0 ::: n l-l lj _ _ 
[I:3 1 lj lj 

ij ‘3 2 1 j ij 

1:13:3 lj lj 

lj:z4 lj 0 

lj ‘3 5 lj lj 

1j:3t? l-l i-l - - - 
lj:37 rJ 0 

lj 3 8 lj lj 

lj:y3 rJ lj 

lj4ljljrJ 

041 ljlj 

l j& lj Ij 

lj 4:s 51 fj 

lj+$ijlj 

1545 lj 0 

ij+gl lj lj 

lj4;7 0 0 ._ 
[If “] lj 

AL lj _. 50 
IjyljrJrJ 

.-, 
L 

I: h;Ef-iERftTE THBC;.“;. OF INTERN* 1NTEGRIF)LS HND RHTIO 
IlO 1 1=15ijr ~~!flljr 1 

-. I -. REPORT CF~LI~:IJLHTIUN PROGRESS Tfl TERIIINBL 
HI=1 
1 1 ++I . ..* 1 0 . 
IF~II.NE.IH~~WRITE~Sr7>1 
IH=I I 
FClRMRT Ci ‘.’ 7 1 $ :J 

;.z: 1 = 1 
;.; IJ = :4 I / 1 rJ lj lj , 

.J=I-lg’l;l 
CHLL ~HTR~XLrXlJrEPSCrNDIC~~~~~~~ IERrHsJM 
Ep:sl:= 1 . E-:3+‘f 
1: ( . J ‘i - ‘y’ . . - 

IFCIER.EQ.2:~ GO TO 30 
IFIIER.NE. K~lARITEC5s2> IERrXlJrYsNDIC 
FORMHT C .-. ISHTR ERR33RFiI’ r Ii?:, z. :SHCi~F6.:3r x:3=i,Fp 11 
CHLL QHTR C4Lr XlJr EPSRrflBIR~ Rt+Dr ‘T’S IERr HJX:) 
Ep:sR= 1 , E-:3+‘? 
R I::.J::l =y 
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